ABSTRACT. In Quebrada de los Burros in coastal southern Peru (Tacna department), human settlements containing shells and charcoal deposits have been excavated since 1995. The sea surface 14 C reservoir ages, estimated by calculating the difference of 14 C age between marine shells and terrestrial organic materials, exhibit high values during the lower and middle Holocene and decrease abruptly after 4000 cal BP. The increase of reservoir age at around 7000-8000 cal BP suggests an enhancement of Peruvian coastal upwelling intensity and changes in ocean circulation at intermediate depth.
INTRODUCTION
Recent studies in paleo-oceanography and paleoclimate focused on the radiocarbon reservoir age (R) of surface seawaters since they could provide indications on oceanic circulation both for surface and/or deep-intermediate waters (Siani et al. 2000 (Siani et al. , 2001 Reimer and McCormac 2002; . The classical approach consists in measuring the 14 C age difference between a terrestrial organic vegetal sample and a contemporaneous marine shell. Such a conjunction of samples is not often encountered except in coastal archaeological sites.
Here, we present new results from the southern Peruvian coast which provide some information about the upwelling system variability and its relation with El Niño events.
MATERIAL AND METHODS

Sample Location
Samples were collected at Quebreda de los Burros (18°1′S; 70°50′E) and neighboring sites (Cañon site and Inca site) both located in the Tacna department in the northern Atacama Desert (Figure 1 ). Quebrada de los Burros is a narrow valley oriented roughly north/south. This valley is about 150 m above mean sea level and the archaeological site is located less than 1 km from the shore (see Lavallée et al. 1999a, b, for details; Fontugne et al. 1999) . All the shells and organic matter samples come from a narrow area restricted to the gully and excavations (about 400 m × 50 m). At the mouth of Quebrada, on a marine terrace 10 m above present sea level, we collected also charcoal, wood, and shells in an Inca site. The Cañon site is located 500 m from the Quebrada de los Burros sites in a larger and parallel valley at the same elevation. Only in Quebrada, springs occur(red) that created wetlands in very restricted areas and water availability for prehistoric people .
Sampling Procedures
Reservoir ages are generally estimated by calculating the difference of 14 C age between marine shells and terrestrial organic materials supposed to be contemporaneous. However, many problems in estimation of marine reservoir ages have been due to problematical associations. In order to illus-trate this difficulty, we used results of dating previously obtained at different locations of the archaeological site during different excavation campaigns. Associations were based on stratigraphical correlations or on archaeological interpretation attributing each settlement level to a cultural phase. Results reported in Table 1 led us to perform a specific sampling in order to avoid problems of the samples' location, and in interpretation of sedimentology and stratigraphy units in the site.
Paired samples of charcoals and marine shells (Concholepas concholepas, Mesodesma donacium) stratigraphically associated were selected in different archaeological levels. They were strictly in connection (charcoals were within the shell). We tried to select shells without any visible trace of alteration. Dating was performed on shell that contained micro-charcoals (less than 1 mm) using both β-counting and accelerator mass spectrometry (AMS) techniques.
Others samples were collected within 3 cross-sections in a gully within the Quebrada. These crosssections have been already described by Fontugne et al. (1999) and Usselman et al. (1999) . They contain mollusk shells eaten by man, associated with organic layers containing a mixture of plant detritus, with probably aquatic terrestrial plant remains and also charcoal powder, as revealed by pollen analyses. Here, too, samples were collected in connection. Results are in reported in Table 2 . 
Hardwater or Old Wood Effects
Hardwater effect and/or old wood effect are common problems in estimation of marine reservoir ages. In Quebrada, the hardwater effect could influence the aquatic plants, possibly contributing to these organic layers, and would result from dissolution of old carbonate and contamination by old bicarbonate or dissolved CO 2 that could be used by the plant through photosynthesis processes. This effect is highly improbable in a hyper-arid region and, secondly, because the volcanic origin of the substratum (Formacion Chocolate) covered by sand sediment, is devoid of carbonate. Taking into account these observations and the coherence of these dates with those obtained for paired charcoal and shell in similar levels in the archaeological site, we admit that no aging due to hardwater effect occurs. Inversely, if we consider that such an aging would have occurred for these organic layers, it would imply a younger actual age and, consequently, a larger increase of sea surface reservoir age than we found. Such results would be hardly compatible with literature data or with other data obtained with charcoals and shells in Quebrada. Similarly, secondary alteration or recrystallization of shell carbonate would lead to the fixation of younger carbon and younger ages, meaning that our calculations of reservoir effect were underestimated.
The "old wood" problem results from the hyper-arid conditions in this region that promote longterm preservation of organic material which could be used by people. This effect gives low or negative R values like those observed by Kennett et al. (2002) in the same region. It does not apparently occur at Quebrada de los Burros.
Whatever we consider, if hardwater or old wood effects or shell recrystallization have affected one or both paired samples, it would lead to an actual marine reservoir age that would be higher than we estimate. R values reported in Table 2 have to be considered as minimal values.
Analytical Procedures
14 C dating was performed using beta-counting gas proportional counter and AMS facilities at Gif sur Yvette. Shells were cleaned using either dilute HCl (β-counting samples) or sandblaster followed by acid treatment for AMS samples (Tisnérat et al. 2001 ) in order to remove the superficial part of the shell that might have been re-crystallized (Vita-Finzi and Roberts 1984). Charcoals and organic layers were prepared using classical treatments. Results are expressed as conventional ages (Stuiver and Pollack 1977) and calibrated age according to Stuiver et al. (1998) .
RESULTS AND DISCUSSION
Results of the first study are reported in Table 1 . All R values are smaller than the mean ocean reservoir age (400 yr) and are not compatible with an upwelling pattern that always prevailed in this region during the Holocene period. This illustrates that sampling needs to be performed very carefully; moreover, in order to study reservoir ages variations, a specific sampling would be recommended. Comparison of dates obtained by long distance correlation between different archaeological levels at different places in these sandy excavations is very confusing. The Quebrada de los Burros site presents a low sedimentation rate and archaeological levels that are not very thick. In this context, a possible penetration of shell in the underlying archaeological level is probable.
All the results of the second sampling are reported in Table 1 and Figure 2 . The chronology is derived from 14 C conventional ages of terrestrial organic origin and extends from the Inca period 375 ± 30 14 C BP to 8650 ± 70 14 C BP (455-9550 cal BP). No human settlements or organic deposits could be found between 375 and 3200 14 C BP. During the early-and mid-Holocene, differences between 14 C ages of shell and charcoal (R values) are high, ranging between 700 and 1230 yr. The "old wood" problem, giving low or negative R values like those observed by Kennett et al. (2002) in the same region, do not apparently occur at Quebrada de los Burros. Nevertheless, lower R values were observed around 6090 and 6595 and 7390 and 7360 14 C BP. Between 3000 14 C BP and the present, reservoir ages dropped down to low values (less than 700 yr), in good agreement with modern values 590 ± 40 yr and in agreement with Stuiver and Braziunas (1993) and Owen (2002) . The large variations observed for reservoir age imply that for dating archaeological sites, the use of modern 14 C reservoir age correction (as it is done generally) could introduce uncertainties greater than 500 yr.
The increase of reservoir age in upwelling areas is generally interpreted as an enhancement of upwelling intensity which brings deeper waters to the surface. Such an interpretation corroborates the hypothesis developed by Fontugne et al. (1999) . They suggest that reinforced upwelling would generate more fogs condensing at mid-altitude (600-1000 m) in the Andes. This precipitation provides enough humidity to insure vegetation growth and food for guanaco hunted by fishergatherer/hunter people living on the coast (Lavallée et al. 1999a, b) . The increased fog production was certainly the origin of water resources in Quebrada. Conversely, when reservoir ages are low and upwelling is weak, no human settlements are found. Paleo-oceanographic reconstructions in equatorial upwelling and the Peru-Chile current give arguments supporting these observations (see references). Data obtained in Quebrada suggest lower sea surface temperatures during the early midHolocene period and agree with this hypothesis. Fish consumed by man at that period belong to a fauna colder than that observed today (Lavallée et al. 1999b) , and the δ 18 O values of shell carbonate that depend on sea surface salinity and temperature were also higher, indicating colder temperatures (salinity is assumed to be more or less constant) (Carré et al., forthcoming) . Finally, Schrader and Snorkes (1991), Lyle et al. (1992) , Farrell et al. (1995) , and Marchant and Hebbeln (1999) , notice higher organic carbon contents in marine early mid-Holocene sediment, related to an increased productivity as a result of the enhancement of upwelling strength. However, the doubling of reservoir age at around 7000-8000 cal BP appears much too important to result from an enhancement of upwelling alone because it would imply that upwelled waters had too deep an origin. Two hypothesis could be proposed: 1) the upwelled waters were older, or 2) the origin of waters was different, implying that Antarctic intermediate water (∆ 14 C = -120‰, pre-bomb value) were replaced during the upper Holocene by South Antarctic Mode Water (∆ 14 C = -72‰, pre-bomb value) that are upwelled today in the Peru-Chile current (Toggweiller et al. 1991) . Whatever the cause of the change in reservoir age was, it corresponds to a major change in the circulation of the south Pacific Ocean around 7000-9000 cal BP. Our results agree with Van Beek et al. (2002) that show higher reservoir ages in the Southern Ocean at the beginning of the Holocene and with reconstruction of surface water pH and pCO 2 variations in the western equatorial Pacific Ocean, which suggests an important CO 2 degassing as a result of the increased intensity of upwellings at that time (Palmer and Pearson 2003) .
The enhancement of upwelling that is associated with strong trade winds and lower sea surface temperature suggests that the La Niña phenomenon would have been the prevailing situation during the early Holocene. This implies that El Niño events were less frequent and certainly less strong than during the upper Holocene and the present period, which is in good agreement with what we observe in sedimentological records at Quebrada de los Burros in coastal southern Peru.
